[1] Much remains to be understood about the links between regional vertical axis rotations, continental extension, and shortening. In western Turkey, Miocene vertical axis rotations have been reported that occur simultaneously with the extensional exhumation of the Menderes metamorphic core complex, which has been related to back-arc extension in the eastern part of the Aegean back arc. In this paper we explore the spatial and temporal relationships between vertical axis rotations in southwestern Turkey and extensional unroofing of the Menderes Massif. To this end, we provide a large set of new paleomagnetic data from western Turkey, and integrate these with the regional structural evolution to test the causes and consequences of oroclinal bending in the Aegean region. The Lycian Nappes and Bey Dağları are shown to rotate ∼20°between 16 and 5 Ma, defining the eastern limb of the Aegean orocline. This occurred contemporaneously with the exhumation of the central Menderes Massif (along extensional detachments) and after the latest Oligocene to early Miocene exhumation of the northern and southern Menderes massifs. Exhumation of the latter two was not associated with vertical axis rotations. The lower Miocene volcanics in the region from Lesbos to Uşak, to the north of the central Menderes Massif underwent a small clockwise rotation, insignificant with respect to Eurasia. This shows that exhumation of the central Menderes Massif was associated with a vertical axis rotation difference between the northern and southern Menderes massifs of ∼25°-30°. This result is in excellent agreement with the angle defined by the trends of Büyük Menderes and Alaşehir detachments, as well as the angle defined by the regionally curving stretching lineation pattern across the central Menderes Massif. These structures define a pivot point (rotation pole) for the west Anatolian rotations. The rotation of the southern domain, including the southern Menderes Massif, the Lycian Nappes, and Bey Dağları, must have led to N-S contraction east of this pole. The eastern limit of the rotating domain is formed by the transpressional couple of the Aksu thrust and Kırkkavak Fault in the center of the Isparta angle. Previously reported clockwise rotations in the volcanic fields near Afyon may be the result of distributed N-S shortening east of the pivot point. The precise accommodation of this shortening history remains open for investigation. Late Oligocene to early Miocene extension in the eastern part of the Aegean back arc was NE-SW oriented and likely bounded by a discrete transform. This transform may be associated with an early evolution of the eastern Aegean subduction transform edge propagator fault. Oroclinal bending in the west Anatolian region is likely related to a reconnection of the eastern part of the Aegean orocline with the African northward moving plate in tandem with roll back in the Aegean back arc, comparable to a recently postulated scenario for western Greece. Citation: van Hinsbergen, D. J. J., M. J. Dekkers,
Introduction
[2] Cenozoic extension and exhumation have led to exposure of previously subducted and metamorphosed portions of the Aegean and west Anatolian mountain belts, which have inspired geological reconstructions of the orogen's root over the past decades [e.g., Schuiling, 1962; Andriessen et al., 1979; Bonneau and Kienast, 1982; van der Maar and Jansen, 1983; Lister et al., 1984; Schermer, 1990; Jolivet et al., 1994a Jolivet et al., , 2004 Lips et al., 1998; Gautier et al., 1999; Bozkurt, 2001b; Mposkos and Kostopoulos, 2001; Brun and Sokoutis, 2007; Jolivet and Brun, 2010] . The database from both the metamorphic and nonmetamorphic domains of the Aegean and west Anatolian orogen is among the richest in the world, making the region instrumental to geologically calibrate geodynamic processes, linking, e.g., back-arc extension and exhumation to slab roll-back [Berckhemer, 1977; Le Pichon and Angelier, 1979; Meulenkamp et al., 1988; Jolivet and Faccenna, 2000; Jolivet, 2001] , nappe stacking to subduction [Faccenna et al., 2003; van Hinsbergen et al., 2005a van Hinsbergen et al., , 2005c Jolivet and Brun, 2010] , exhumation of (ultra-) highpressure ((U)HP) metamorphic rocks to subduction channel 1 [Thomson et al., 1999; Jolivet et al., 2003; Ring et al., 2007 Ring et al., , 2010 or back-arc evolution [Avigad et al., 1997; Ring and Layer, 2003] , and dating and calibrating tectonic and volcanic responses to slab edge tectonics [Govers and Wortel, 2005; van Hinsbergen et al., 2007; Zachariasse et al., 2008; Dilek and Altunkaynak, 2009] .
[3] However, the extension and exhumation history deformed and complicated the original nappe configuration of the mountain range, and reconstructing its preextensional configuration is subject to lively discussion. A particular problem in attempts to reconstruct this is that the amount of extension is laterally discontinuous across the back arc ( Figure 1 ). The amount of roll-back-related extension has been estimated based on the amount of extension in postEocene metamorphic core complexes of particularly the Rhodope, Cyclades, and southern Aegean in Greece, and amounts 300 to 400 [Gautier et al., 1999; Jolivet, 2001] , or even 500 km [Jolivet and Brun, 2010] in the central part of the Aegean arc. Such numbers are in line with the amount of southward migration of the volcanic arc, ascribed to the southward retreat of the dehydrating subducting slab that feeds the arc [Pe- Dilek and MODIS, 2005 , available at http://earthobservatory.nasa.gov/Features/BlueMarble/) with the main loci of late Oligocene and younger extension in the Aegean back arc (white shadows; Ka, Kazdağ; Ko, Kos; Ol, Olympos; Os, Mount Ossa; Pe, Pelion). Arrows represent a selection of the most important reported paleomagnetic declinations with respect to south, giving the outline of the Aegean orocline, which runs from northern Albania to the Isparta Angle. White arrows represent directions measured in lower Miocene and older rocks, and gray arrows represent late Miocene and younger directions: 1, Apulian platform, no or little rotation since Eocene [Tozzi et al., 1988; Scheepers, 1992; Speranza and Kissel, 1993] ; 2, Dinarids, no rotation since the Cretaceous ; 3, Albania, ∼50°of rotation since the early Miocene [Speranza et al., 1992 Mauritsch et al., 1995 Mauritsch et al., , 1996 ; 4, western Greece and Peloponnesus, ∼50°c lockwise rotation since the early Miocene Freeman, 1982, 1983; Kissel et al., 1984 Kissel et al., , 1985 Kissel and Laj, 1988; Márton et al., 1990; Morris, 1995; van Hinsbergen et al., 2005b] ; 5, Moesian platform and Rhodope, no significant post-Eocene rotation with respect to the Eurasian APWP ; 6, Lesbos, no significant rotation of Miocene volcanics [Kissel et al., 1989; Beck et al., 2001] ; 7, Crete, local, variable, strike-slip-related post-Messinian counterclockwise rotations [Duermeijer et al., 1998 ]; 8, Rhodos, Pleistocene counterclockwise rotation, without rotation between early Miocene and Pleistocene [Laj et al., 1982; van Hinsbergen et al., 2007] ; 9, Bey Dağları, ∼20°counterclockwise rotations [Kissel and Poisson, 1987; Morris and Robertson, 1993; van Hinsbergen et al., 2010] ; 10, Isparta Angle, no Pliocene or younger rotations in its center [Kissel and Poisson, 1986] ; 11, clockwise rotations between the Eocene and Miocene of the eastern limb of the Isparta Angle, delimiting the eastern edge of the Aegean orocline ; 12, post-early Miocene clockwise rotation of the volcanic fields of Afyon [Gürsoy et al., 2003] . VAN 
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TC3009 TC3009 Altunkaynak, 2009] . However, Ring et al. [1999a Ring et al. [ , 2003a and Pe- already noted that the amount of N-S extension in west Anatolia is significantly less. Comparably, post-Eocene extension in western Greece is restricted to half graben tectonics [van Hinsbergen et al., 2005c [van Hinsbergen et al., , 2006 and is insignificant compared to the strain in the central back arc.
[4] Lateral variation of back-arc extension requires some sort of tectonic accommodation: either lateral extension variations are accommodated by discrete transform faults or fault zones (such as postulated by, e.g., Ring et al. [1999a] between the Aegean and Cycladic regions) or gradually, by rotation differences around a vertical axis between two sides of the extending terrain .
[5] Establishing the mode of accommodation of the laterally changing amounts of Aegean back-arc extension may have implications for the geodynamic causes for back-arc extension, such the shape and dimensions of the subducting slab. But more importantly, vertical axis rotations may deform older structural patterns that are used to reconstruct the preextensional anatomy of the orogen, such as stretching lineations or fold axes [Morris and Anderson, 1996; Avigad et al., 1998; Walcott and White, 1998 ]. For example, prior to the paleomagnetic recognition that the west Aegean region underwent 50°clockwise rotation [Horner and Freeman, 1983; Kissel et al., 1985; Kissel and Laj, 1988; van Hinsbergen et al., 2005b] , those studying the west Aegean nappe stack [Aubouin, 1957 ; Institute for Geology and Subsurface Research and Institut Français du Pétrole, 1966; B.P. Co. Ltd., 1971; Jenkins, 1972] inferred a NE-SW thrusting history, whereas this was N-S throughout most of the orogenic history.
[6] The amount of Aegean back-arc extension decreases from a central line over the Rhodope and Crete (Figure 1 ) to both west and east. Vertical axis block rotations in the west Aegean region (50°since ∼15 Ma [van Hinsbergen et al., 2005b] ) are well established, but have been shown to postdate most of the back-arc extension history , illustrating that the block rotation history of the Aegean is perhaps partly accommodated by, but not directly caused (if at all) by, back-arc extension. Moreover, most of the rotating region lies to the northwest of the Cycladic and south Aegean crystalline complexes where much of the Aegean extension was accommodated [Gautier et al., 1993; Fassoulas et al., 1994; Gautier and Brun, 1994; Jolivet et al., 1994b Jolivet et al., , 1996 Ring et al., 2003b; Jolivet and Brun, 2010] . Although relations between rotation and exhumation in the Rhodope core complex have been postulated [Brun and Sokoutis, 2007; van Hinsbergen et al., 2008a] , the region that could have experienced major extension-related rotations in the west lies offshore central or southwestern Greece (Figure 1 ).
[7] Western Anatolia, however, exposes the eastern part of the Aegean back arc, and both the exhumed crystalline core of the orogen and the nonmetamorphosed fore arc are well exposed, and contain Neogene synextensional deposits (Figure 2 ). Aegean back-arc extension was accommodated here in the 200 × 200 km large Menderes Massif, recognized by many workers to exhibit Miocene extensional detachments along which metamorphosed rocks were exhumed Park, 1994, 1997b; Hetzel et al., 1995b; Bozkurt, 2001b Bozkurt, , 2007 Gessner et al., 2001b; Gökten et al., 2001; Isik and Tekeli, 2001; Lips et al., 2001; Okay, 2001; Isik et al., 2003] , as well as smaller Oligo-Miocene metamorphic windows such Kazdağ [Okay and Satir, 2000; Bonev et al., 2009; Cavazza et al., 2009] or the islands of Kos [van Hinsbergen and Boekhout, 2009] , Samos [Ring et al., 1999b] , and Ikaria [Kumerics et al., 2005] in eastern Greece (Figure 2) .
[8] These metamorphic domains are surrounded and overlain by volcanic and sedimentary rocks [Aldanmaz et al., 2000; Beck et al., 2001; Gürsoy et al., 2003; Emre and Sözbilir, 2007; Ersoy and Helvaci, 2007; Karacik et al., 2007; Çiftçi and Bozkurt, 2009b; Dilek and Altunkaynak, 2009] , which are particularly suitable for paleomagnetic analysis. Recently, van Hinsbergen et al. [2010] recalibrated the timing and dimension of vertical axis rotations in the Bey Dağları region to the southeast of the Menderes Massif, studied earlier by Poisson [1986, 1987] and Morris and Robertson [1993] , and showed that this region experienced no rotation between the late Cretaceous and middle Miocene, followed by ∼20°counterclockwise rotation between 16 and 5 Ma. The northern accommodation of this rotation phase and the dimensions of the region that underwent this rotation are presently unknown.
[9] In this paper we provide the results of an extensive paleomagnetic survey to calibrate the patterns of vertical axis block rotations in the Lycian Nappes and across the Menderes Massif in western Anatolia, and determine their timing. We will test rotation differences that can be predicted on the basis of the first-order structural history of the Menderes Massif to reconstruct the tectonic accommodation history of the eastward decreasing Aegean back-arc extension. Thus, we will reconstruct the four-dimensional evolution of the exhumation of the Menderes metamorphic core complex in western Anatolia. We will discuss these results within the context of the geodynamic processes that drive Aegean back-arc extension and that determine its dimensions.
Geological Setting

Regional Orogenic Structural Evolution
[10] Western Turkey exposes a stack of thrusted metamorphosed and nonmetamorphosed units that amalgamated upon closure of the Neotethyan ocean since the Mesozoic. The Neotethyan suture is represented by the Izmir-Ankara ophiolite and ophiolitic mélange belt that separated units of Eurasian affinitiy in the north ("Sakarya continent") from a Gondwana-derived continental fragment ("AnatolideTauride block") to the south [Sengör and Yilmaz, 1981; Robertson and Dixon, 1984; Sengör et al., 1984] (Figure 2 ). The Anatolide-Tauride block is presently still separated from Africa by the oceanic crust of the eastern Mediterranean region [Erduran et al., 2008] . During its collision with the overriding Eurasian plate, thrust slices derived from the Anatolide-Tauride block were accreted and metamorphosed between the Cretaceous to the Eocene [Collins and Robertson, 1997 Okay et al., 2001] . During Oligo-Miocene Aegean back-arc extension, metamorphosed parts of the thrust stack were exhumed and are presently exposed in the tectonic window of the Menderes Massif [e.g., Hetzel et al., VAN 
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1995b; Bozkurt and Oberhänsli, 2001; Gessner et al., 2001b] (Figure 2) . Part of the pre-Oligocene thrust slices is now exposed in the Lycian Nappes, a megaklippe that overlies the Menderes Massif to the south, which is correlatable to the units overlying the Menderes Massif to the north Robertson, 1998, 2003; Candan et al., 2005] including the Afyon zone and the Bornova flysch north of Izmir and east of Lesbos [Okay and Altiner, 2007] .
[11] A continuous subduction-accretion history from the Cretaceous to the Eocene can be inferred from the ages of thrusting and metamorphism: ophiolitic fragments of the Izmir-Ankara zone from the highest nappe that underthrusted below the Sakarya continental block. Both north and south of the Menderes Massif, these ophiolites have metamorphic soles with ages around 90 Ma [Önen and Hall, 2000; Çelik and Delaloyle, 2003; Önen, 2003; Çelik et al., 2006] , which dates the onset of underthrusting below these fragments. Tables 1, 2 , and S1 (in the auxiliary material). Abbreviations in the cross section are BMD, Büyük Menderes Detachment; AD, Alaşehir Detachment; SD, Simav Detachment. VAN 
During the late Cretaceous to Eocene, the northern former passive margin of the Anatolide-Tauride block was deformed into a thrust stack, which was partly metamorphosed. The tectonostratigraphy includes from top to bottom includes the high-pressure-low-temperature (HP-LT) metamorphic Tavşanlı zone [Okay, 1981 [Okay, , 1984 [Okay, , 1986 Whitney, 2006, 2008; Whitney and Davis, 2006; Çetinkaplan et al., 2008] with cooling ages of ∼80 Ma Sherlock et al., 1999] , underlain by greenschists and blueschists of Paleocene metamorphic age of the Afyon zone [Okay, 1984; Okay et al., 1996; Candan et al., 2005] . Both HP zones exhumed already in the Paleocene to Eocene, and were at, or close to the surface throughout most of the metamorphic history of the Menderes Massif [Özcan et al., 1988; Göncüoglu et al., 1992; Harris et al., 1994] . South of the Menderes Massif, the northern and lowermost part of the Lycian Nappes also experienced late Cretaceous to Paleocene HP metamorphism, possibly equivalent to the Afyon zone Rimmelé et al., 2003a Rimmelé et al., , 2005 Rimmelé et al., , 2006 Candan et al., 2005] , whereas the southern part of the Lycian Nappes experienced no metamorphism [Dumont et al., 1972; Bernoulli et al., 1974; Gutnic et al., 1979; Robertson, 1997, 1998 ]. In the west, the Menderes Massif is overlain by the Dilek nappe, an Eocene HP-LT metamorphic unit, overprinted by Barrovian regional greenschist metamorphism, which is correlated to the Cycladic Blueschist of the central Aegean region Oberhänsli et al., 1998; Ring et al., 1999b; Okay, 2001] .
Structure and Metamorphism of the Menderes Massif
[12] The deepest structural unit is the Menderes Massif [Paréjas, 1940] , which consists of an imbricated stack of high-grade orthogneisses [Hetzel et al., 1995b; Gessner et al., 2001c; Okay, 2001; Bozkurt, 2007] representing metamorphosed Pan-African granites [Satir and Friedrichsen, 1986; Hetzel and Reischmann, 1996; Hetzel et al., 1998; Loos and Reischmann, 1999; Gessner et al., 2004; Koralay et al., 2004; Catlos and Cemen, 2005] as well as fossil-bearing marbles and schists that represent a Paleozoic to Eocene sedimentary cover sequence [Caglayan et al., 1980; Konak et al., 1987; Özer, 1998; Özer et al., 2001; Özer and Sözbilir, 2003] . The Menderes Massif is intensely sheared during hightemperature and medium-pressure (Barrovian) metamorphism (the so-called Main Menderes Metamorphism, or MMM [Akkök, 1983; Ashworth and Evirgen, 1984; Sengör et al., 1984; Satir and Friedrichsen, 1986; Bozkurt and Park, 1999; Whitney and Bozkurt, 2002; Sengün et al., 2006] . This MMM postdates a phase of HP metamorphism and eclogite formation in mafic pockets in the Pan-African orthogneisses Candan et al., 2001] and also postdates HP metamorphism [Régnier et al., 2007] under blueschist facies conditions Oberhänsli et al., 1998; Rimmelé et al., 2003b; Whitney et al., 2008] in the Paleozoic to Eocene sedimentary cover. The age of the eclogites and the age of the MMM are matter of fierce debate, with the majority of researchers now preferring a PanAfrican age of HP metamorphism in the Pan-African basement and a Paleogene age for HP metamorphism in the cover sequence [Satir and Friedrichsen, 1986; Lips et al., 1998; Bozkurt and Satir, 2000; Candan et al., 2001; Bozkurt, 2004 Bozkurt, , 2007 . The age of the MMM is debated as well, but an Eocene age seems most likely because Barrovian MMM-related metamorphism affected metasediments with Cretaceous Rudist fossils in the central Menderes Massif [Okay, 2001; Özer and Sözbilir, 2003] . For the purpose of this paper, however, it is most important to note that the deformation associated with MMM is widespread and leads to a regionally very consistent structural grain defined by north to northeast trending stretching lineations with a persistent top-to-thenorth and in the south locally top-to-the-south sense of shear [Sengör and Yilmaz, 1981; Akkök, 1983; Sengör et al., 1984; Verge, 1993; Hetzel et al., 1998; Bozkurt and Park, 1999; Ring et al., 1999a; Lips et al., 2001; Whitney and Bozkurt, 2002] (Figure 3 ). The MMM is postdated by greenschist facies metamorphism associated with a series of extensional detachments that exhumed the Menderes Massif since the late Oligocene [Seyitoglu et al., 1992; Verge, 1993; Bozkurt and Park, 1994 , 1997a , 1997b Hetzel et al., 1995a Hetzel et al., , 1995b Hetzel et al., , 1998 Bozkurt and Satir, 2000; Bozkurt, 2001b; Bozkurt and Oberhänsli, 2001; Gessner et al., 2001a Gessner et al., , 2001b Gökten et al., 2001; Isik and Tekeli, 2001; Lips et al., 2001; Isik et al., 2003 Isik et al., , 2004 Bozkurt and Mittwede, 2005] . This occurred in two stages: geochronologic evidence suggests that the northern and southern Menderes massifs (NMM and SMM) exhumed between ∼25 and ∼15 Ma, followed by the exhumation of the central Menderes Massif (CMM) since ∼15 Ma [Gessner et al., 2001b; Ring et al., 2003a] . The NMM is bounded in the north by the ductileto-brittle top-to-the-northeast Simav detachment, separating the Menderes Massif from the blueschist facies Afyon zone, and nonmetamorphosed ophiolitic mélange of the IzmirAnkara suture [Isik and Tekeli, 2001; Isik et al., 2004; Ring and Collins, 2005] . The NMM is bounded in the east and west by discrete lineaments (which may be transform faults (Figure 2 ) [Özkaymak and Sözbilir, 2008; Uzel and Sözbilir, 2008] ) from the Afyon zone and the nonmetamorphosed Bornova flysch (believed to belong to the tectonostratigraphy of the Lycian Nappes [Okay and Siyako, 1993; Okay and Altiner, 2007] ), respectively.
[13] The southern Menderes Massif exhibits a ductile topto-the-south shear zone, which is believed to have played a role in the post-Eocene exhumation history and may have been antithetic (during the early stages of exhumation) to the Simav detachment. However, it did not develop into a fullblown ductile-to-brittle extensional detachment Park, 1994, 1997a; Hetzel and Reischmann, 1996; Hetzel et al., 1998; Bozkurt, 2007] and the early exhumation history seems to have been accommodated by dominantly top-tothe-north sense of shear [Bozkurt and Park, 1999; Lips et al., 2001; Bozkurt, 2004 Bozkurt, , 2007 Seyitoglu et al., 2004] , comparable to the Cycladic region of the central part of the Aegean back arc [Gautier et al., 1993; Jolivet et al., 2004; Tirel et al., 2009; Jolivet and Brun, 2010] . The southern Menderes Shear Zone separates a domain of dominantly Pan-African gneisses from the Paleozoic to Eocene schists and marble cover. The cover sequence is separated by a semiductile shear zone from VAN 
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the HP metamorphic rocks of the Lycian Nappes, which is interpreted as a thrust [Bozkurt and Park, 1999] , a shear zone that was active during exhumation of the Lycian Nappes, with a top-to-the-east sense of shear [Rimmelé et al., 2003a] , or a likely Miocene N-S extensional evolution, with passive rotation of N-S stretching directions into the modern E-W directions [Régnier et al., 2003; Ring et al., 2003a] .
[14] The CMM is a bivergent metamorphic dome that was exhumed along two extensional detachments: the northern one has a top-to-the-north sense of shear and has many names in literature, including Alaşehir detachment [Isik et al., 2003 ], Gediz detachment [Lips et al., 2001] , Çanköy detachment [Koçyiğit et al., 1999] or Kuzey detachment [Ring et al., 1999a] ). The southern detachment has a top-to-the-south sense of shear and is referred to as the Büyük Menderes detachment [Bozkurt, , 2001b Lips et al., 2001] or Güney detachment [Ring et al., 1999a] . Exhumation of the CMM dome seems essentially parallel, although Lips et al. [2001] reported only semibrittle fabrics and no overprint of the 40 Ar/ 39 Ar system in the footwall of the Büyük Menderes detachment, suggesting a slight dominance of the Alaşehir detachment. The middle Miocene age of onset of exhumation for the CMM suggested by crystallization and cooling ages and fission track dating [Hetzel et al., 1995b; Gessner et al., 2001b; Lips et al., 2001; Ring et al., 2003a; Catlos and Cemen, 2005; Glodny and Hetzel, 2007; Catlos et al., 2010] is in line with the age of the supradetachment basins of the Alaşehir and Büyük Menderes grabens of ∼16-15 Ma [Sen and Seyitoğlu, 2009] . The central axis of the CMM is formed by the Kücük Menderes Graben, which contains relics of middle Miocene (14.6-13.9 Ma) volcanics , indicating that this axis was already at or close to the surface at the onset of activity of the two flanking detachments. The amount of middle Miocene and younger exten- sion accommodated by the CMM is thus more or less equal to the modern dimensions of the CMM.
[15] Finally, the northern Menderes Massif is overlain by a series of NE-SW trending, early Miocene basins [Yilmaz et al., 2000; Bozkurt, 2001a Bozkurt, , 2003 . From east to west, these include the Uşak, Güre, Selendi, Demirci, and Gördes basins, which hereafter will be referred to as the NMM basins. They are filled with terrestrial sediments and contain both felsic and mafic volcanic deposits [Aldanmaz et al., 2000; Ersoy et al., 2008; Dilek and Altunkaynak, 2009] .
Rotations and Regional Structural Grain
[16] The Lycian Nappes, south of the Menderes Massif, consist of a stack of thrust slices derived from the northern passive margin of the Anatolide-Tauride block, and transported southward since the late Cretaceous [Sengör and Yilmaz, 1981; Okay, 1989; Collins and Robertson, 1998 . The final emplacement of the Lycian Nappes over the Bey Dağları region in southwestern Turkey (Figure 2 ) occurred in the early Miocene. This episode of south or southeastward thrusting is marked by the formation of an Aquitanian to Burdigalian foreland basin [Poisson, 1977; Gutnic et al., 1979; Hayward and Robertson, 1982; Hayward, 1984a Hayward, , 1984b Karabiyikoğlu et al., 2005] . Southward emplacement of the Lycian Nappes ceased at the end of the Burdigalian [Poisson, 1977; Flecker et al., 1995] .
[17] Recently, van Hinsbergen et al.
[2010] redated the rotation history of Bey Dağları previously constrained by Kissel and Poisson [1987] and Morris and Robertson [1993] and showed that this region underwent no rotation between the late Cretaceous and middle Miocene (i.e., throughout the subduction and accretion history, as well as throughout the exhumation of the NMM and SMM and the southward thrusting of the Lycian Nappes), followed by ∼20°counter-clockwise rotation since the middle Miocene (between ∼16 and 5 Ma, i.e., time equivalent with the exhumation of the of the CMM). In this paper we test whether the rotation of southwestern Turkey, identified in the Bey Dağları region, was associated with the exhumation of the central Menderes Massif.
[18] The central Menderes Massif is laterally discontinuous, disappearing eastward. The two bounding extensional detachments clearly converge eastward, at an angle of ∼30° (  Figure 3 ). This angle is also found in the regional pattern of stretching lineations: The regional structural grain related to MMM is remarkably (anti)parallel to the stretching lineations associated with the extensional shear zones and detachments along which the Menderes Massif(s) were exhumed ( Figure 3) . Moreover, both show a very consistent curved pattern, trending N-S in the SMM [Bozkurt and Satir, 2000; Rimmelé et al., 2003b; Bozkurt, 2007] and NE-SW in the NMM [Isik and Tekeli, 2001; Ring et al., 2003a; Isik et al., 2004] , curving over the CMM [Hetzel et al., 1995b; Bozkurt, 2001b; Lips et al., 2001; Okay, 2001; Isik et al., 2003; Ring et al., 2003a] . The stretching lineations span a circle segment with a center near the intersection point of the Alaşehir and Büyük Menderes detachments. To the west, extension becomes partitioned over several time-overlapping and time-consecutive extensional shear zones in, e.g., the Kazdağ massif [Okay and Satir, 2000; Cavazza et al., 2009] , Samos [Ring et al., 1999b; Kumerics et al., 2005] , Ikaria [Kumerics et al., 2005] and Kos [van Hinsbergen and Boekhout, 2009] (Figures 2 and 3 ).
Sampling
[19] To establish whether the southwest Anatolian rotations are correlated to the evolution of the central Menderes Massif, we focused our sampling strategy at the Oligo-Miocene basins of the Lycian Nappes (to test whether there are major rotation differences in the region between Bey Dağları and the Menderes Massif) and on the lower Miocene volcanic fields north of the CMM, filling the data gap between the Aegean island of Lesbos (where a large paleomagnetic data set was provided by Kissel et al. [1989] and Beck et al. [2001] ) and the Afyon region to the east of the Menderes (where data were published by Gürsoy et al. [2003] ). We refrained from sampling of Oligo-Miocene volcanic fields further to the north, where strands of the right-lateral North Anatolian Fault Zone are likely to lead to local rotations, disturbing the regional rotation pattern that is pursued in this paper. Finally, we collected samples from synkinematic granites in the Menderes Massif.
[20] We collected a total of 1827 independently oriented samples from 240 sites. All sampling locations, as well as the locations of previously published sites, are shown in Figure 2 . We collected 974 samples from 140 lavas, ignimbrites and shallow intrusive rhyolitic plugs in lower to lower middle Miocene volcanic rocks (age range largely between ∼21-15 Ma, see Table 1 ) in basins covering the NMM, as well as the region between the NMM and the west coast of Turkey overlying the Bornova flysch zone (Table 1) .
[21] In western Turkey, we sampled 14 mafic lavas near Ayvalık (∼20-21 Ma [Aldanmaz et al., 2000] ) and in the Bergama graben, a total of 14 lava sites were collected from a series of volcanic plugs and the southern flanks of the mount Kozak magmatic complex [see Altunkaynak and Yilmaz, 1998; Boztuğ et al., 2009] , with ages of ∼15-18 Ma [Borsi et al., 1972; Aldanmaz et al., 2000] . Twenty-five lavas were sampled in the volcanic center of Dikili, which was described in detail by Karacik et al. [2007] , with ages of 15-18 Ma [Borsi et al., 1972; Benda et al., 1974; Aldanmaz et al., 2000] . Finally, 17 lavas were sampled in the Yuntdağ volcanic region (Figure 2 ). No radiometric ages were published from the Yuntdağ range, but Akay and Erdogan [2004] correlated its stratigraphy to the lower Miocene volcanics of Dikili and Bergama.
[22] We collected 10 sites from lavas north of Uşak (17-21 Ma [Bingöl, 1977] ), 6 sites north of Güre (∼16 Ma [Seyitoglu et al., 1997] ) and 7 sites near Ahmetlar, south of Güre (∼13 Ma [Ercan et al., 1996] ). To the west, 20 sites were collected from felsic ignimbrites in the Selendi graben (15-20 Ma [Ercan et al., 1996; Seyitoglu et al., 1997; Ersoy et al., 2008] ). In the basin of Demirci, 17 lava sites were sampled in two flanks of a large caldera. No radiometric ages were reported from this volcano, but an early Miocene age of the Demirci basin stratigraphy was reported by Kaya et al. [2007] . Finally, 10 sites were sampled from two intrusive VAN rhyolite plugs (∼21-18 Ma old) in the Gördes basin .
[23] With the purpose to study synexhumation rotations, 509 paleomagnetic samples were collected from 73 sites in 12 larger or smaller granitoid bodies in the northern, central and southern Menderes Massif, as well as on the Aegean islands of Ikaria and Kos. Although none of these granite bodies yielded sensible paleomagnetic directions, we will briefly provide demagnetization characteristics and rock magnetic properties. Sampling locations are given in auxiliary material.
1 The granites we sampled postdate MMM [Hetzel et al., 1995b; Bozkurt and Park, 1999; Bozkurt, 2001b; Bozkurt and Oberhänsli, 2001; Bozkurt and Sözbilir, 2004; Isik et al., 2004; Catlos and Cemen, 2005; Glodny and Hetzel, 2007; Catlos et al., 2010] . In the northern Menderes Massif, we collected 14 sites from the northern and southern part of the Eğrigöz granite and 8 from the Koyunoba granite, which were dated at 20.0 ± 0.7 to 21.0 ± 0.2 by K-Ar and 40 Ar/ 39 Ar dating on biotite, as well as SIMS U-Th-Pb analysis [Bingöl et al., 1982; Isik et al., 2004; Ring and Collins, 2005] . Furthermore we collected samples from a previously undated, but undeformed granite of Deliçoban and a pegmatite body near Gördes.
[24] In the central Menderes Massif, we collected four sites in the least deformed parts of the Salihli granitoid, which is located immediately below, and is deformed within the Alaşehir detachment, which bounds the CMM in the north. Ionprobe monazite dating of this granite yield an age range from 21.7 ± 4.5 to 9.6 ± 1.6 Ma [Catlos and Cemen, 2005; Catlos et al., 2010] , U-Pb dating gave 15.0 ± 0.3 Ma [Glodny and Hetzel, 2007] and biotite 40 Ar/ 39 Ar recorded cooling at 12.2 ± 0.4 Ma [Hetzel et al., 1995b] .
[25] In the southern Menderes Massif, we collected seven sites from one leucogranite intrusion near Kafaca, described by Bozkurt [2004] , who concluded that the age of this granite should at least be younger than a 36 ± 2 Ma cooling age reported by Lips et al. [2001] . Additionally, we collected four sites from undated leucogranitic dikes near Sakarkaya and Kayabükü.
[26] Finally, in an attempt to correlate foreseen paleomagnetic results from Menderes granites to previously published paleomagnetic data from the Cycladic granitoids [Morris and Anderson, 1996; Avigad et al., 1998 ], we collected a total of 15 sites from two granite bodies on the island of Ikaria (Figure 2) , known as the I-and S-type granites [Altherr et al., 1982] , with biotite 40 Ar/ 39 Ar cooling ages of 17.9 ± 0.5 and 10.7 ± 0.3 Ma, respectively [Kumerics et al., 2005] . Seven more sites were collected from an undeformed monzonite body exposed on the island of Kos, which was dated at ∼12 Ma [Altherr et al., 1976] , intruded at shallow crustal levels deduced from a contact metamorphic aureole [Gralla, 1982; Kalt et al., 1998 ].
[27] Recently, van Hinsbergen et al. [2010] concluded that the rotation of Bey Dağları postdated the emplacement of the Lycian Nappes over the Bey Dağları Platform. If that is correct, the Lycian Nappes should have experienced this same rotation phase. Moreover, the Lycian Nappes may have experienced rotations during their early Miocene southward transport, documented by the development of an Aquitanian to Burdigalian foreland basin on top of Bey Dağları [Hayward and Robertson, 1982; Hayward, 1984a] . Therefore, we collected 344 samples from 27 sites in four sedimentary basins that developed in the Lycian Nappes between the Oligocene and Pleistocene (Table 2 ). In the northwest, around the transition between the nonmetamorphic and HP-LT metamorphic domains, lies the Kale basin, which was previously interpreted by Seyitoglu et al. [2004] to have formed above the southern breakaway fault of late Oligocene to early Miocene part of the Menderes metamorphic core complex. The Kale basin is filled with Chattian to Aquitanian (∼28-21 Ma) terrestrial clastic deposits dominated by clays, and many coal-bearing horizons. Near Kale, these are unconformably overlain by shallow marine carbonates of Burdigalian age (∼21-16 Ma). Palynological dating of the stratigraphy of the Kale basin was provided by Akgün and Sözbilir [2001] . From the upper Oligocene to Aquitanian clastic deposits, we collected a total of 96 samples from seven sites. Additionally, we collected 40 samples at two sites in the Burdigalian limestones.
[28] South of the Kale basin, we collected samples from the Çameli Basin. Covering the Lycian Nappes in the northeast of this basin, near Acıpayam, Burdigalian limestones correlated to those near Kale overlie terrestrial red sandstones, conglomerates and lacustrine limestones [Hakyemez, 1989 ; see also Alçiçek and ten Veen, 2008, and references therein]. We collected 68 samples at 7 sites from both the terrestrial and marine lower Miocene deposits here. Additionally, we collected 70 samples from 4 sites in beige marls and blue clays in the Çameli basin. The basin fill was dated at upper Miocene to Pliocene (∼11-3 Ma [Alçiçek et al., 2005 [Alçiçek et al., , 2006 , and references therein]).
[29] Finally, 70 samples were collected from 7 sites in upper Plio-Pleistocene blue lacustrine marls near Burdur [Kazanci and Erol, 1987; Kazanci, 1990; Sentürk and Yagmurlu, 2003; Schulz-Mirbach and Reichenbacher, 2008] . These deposits form rhythmically bedded, several hundreds of meter thick successions along the southern border of lake Burdur, and we collected these samples to corroborate the finding of Kissel and Poisson [1986] and Tatar et al. [2002] that rotations in SW Anatolia predate the late Plio-Pleistocene.
Paleomagnetic and Supporting Rock Magnetic Methods
[30] Samples were collected with a water-cooled, generatorpowered electric drill or a handheld gasoline-powered drill with water-cooled diamond-coated drill bits. The orientation was measured with a magnetic and if needed sun compass, and corrected for local declination (4°). They were cut into standard specimens of 1 inch diameter and 22 mm length.
[31] Demagnetization was mostly performed with alternating fields (AF) with 5-10 mT increments up to 100 mT, with a degausser interfaced with a magnetometer through a laboratory-built automated handling device. A selection of samples was thermally demagnetized with small temperature increments of 20°C-80°C in a magnetically shielded, laboratory-built furnace to check for consistency of directions between AF and thermal demagnetization. The natural remanent magnetization (NRM) and isothermal remanent magnetization (IRM) were measured on a 2G Enterprises horizontal DC-SQUID magnetometer (noise level 3 × 10 −12 A m 2 ).
[32] To support paleomagnetic interpretations, various rock magnetic properties were determined of selected samples. Thermomagnetic data were acquired from seven sedimentary samples and three granite samples, representative for the sampled populations, with a modified horizontal translation type Curie balance that uses a cycling field between 150 and 300 mT rather than a fixed applied field [Mullender et al., 1993] , noise level ∼4 × 10 −9 A m 2 ). About 40 mg of sample material was weighed in a quartz glass sample holder. To discriminate between magnetic behavior and chemical alteration we applied the so-called segmented run protocol in which heating is applied to a certain temperature followed by cooling of 100°C before heating to the next temperature. Magnetic behavior is documented by reversible heating and cooling branches while chemically induced changes up to the temperature of interest are manifested by irreversible magnetic behavior.
[33] For the lower Miocene lavas, we determined the variation of the low-field magnetic susceptibility from room temperature to 700°C. Therefore, we used a KLY3 Kappabridge susceptibility meter with attached CS-3 furnace (noise level ∼5 × 10 −8 SI). Crushed powder material (∼200 mg) was taken from a total of 18 characteristic specimens, at least one per locality, which were heated and cooled in air in two successive cycles: 40°C-400°C-40°C and 40°C-700°C-40°C.
[34] IRM acquisition curves were measured up to 700 mT with 57 steps. Nine curves were acquired from representative granite samples, 28 from sediments and eight from the lower Miocene lavas. The lavas, some granites and sediments showed high NRM intensities and small portions of 30-200 mg of these samples were embedded in epoxy cylinders to be measured. The robotized 2G Enterprises SQUID magnetometer with in-line AF demagnetization, ARM and IRM acquisition facilities was utilized to this end. IRM acquisition was done from the so-called AF demagnetized starting state: prior to the IRM acquisition the samples were demagnetized in three orthogonal axes at 300 mT AF with a laboratory-built demagnetization coil. This ensures that the shape of the measured IRM acquisition curves deviates minimally from a cumulative log Gaussian distribution [cf. Heslop et al., 2004] .
[35] From 13 samples, one for each granite and for two sampling locations in the I type granite of Ikaria, hysteresis loops (between ±2 T) were determined with a MicroMag 2900 alternating gradient magnetometer (Princeton, New Jersey, noise level ∼4 × 10 −11 A m 2 ). Averaging time for each data point was 0.2 s and the field increment between subsequent data points was 10.0 mT. For the back field curves a waiting time of 0.2 s was adopted. Unfortunately, in most cases samples appeared to be very weakly magnetic which precluded determination of meaningful loops.
Paleomagnetic Results
Rock Magnetic Properties 5.1.1. Temperature Dependence of Magnetization and Low-Field Susceptibility
[36] Examples of thermomagnetic runs are shown in Figure 4 . Most granites appear to have a very weak magnetization (Figure 4a ). The dominant magnetic mineral is magnetite that is oxidized above its Curie temperature to hematite, illustrated by the cooling branch lying below the heating branch. The few strongly magnetic granites (Figure 4b) show that during the segmented heating branches some magnetiza- Bold values indicate the A95 value falls outside the A95min-max envelope; bold A95min-max values indicate whether A95 is higher than A95max or lower than A95min, respectively. Lat, latitude; Lon, longitude; Na, number of demagnetized samples; Nc, number of samples used to calculate average; D, declination; DD x , error on declination; I, inclination; DD x , error on inclination; K (vgp) , Fisher [1953] precision parameter (determined on the virtual geomagnetic poles); A95 (vgp) , 95% cone of confidence around the average virtual geomagnetic pole. A95 min and A95 max delimit the boundaries of A95 values that can be straightforwardly explained by paleosecular variation alone (Deenen et al., submitted manuscript, 2010 tion is already lost presumably related to maghemitized surface layers that are inverted to the considerably less magnetic hematite. The interval between ∼300°C and ∼450°C shows a larger decrease. The Curie temperature is ∼575°C (determined by the two-tangent method). During the final cooling branch again some magnetization is lost. In the volcanic samples, the removal of maghemitized surface layers (or discrete maghemite particles) is also inferred from the irreversible loss in low-field susceptibility between ∼300°C and ∼400°C (Figures 4c and 4d) . The second major decrease is occurring between ∼500°C and ∼600°C and testifies the dominance of magnetite that can be variably oxidized: note that sample DI24.5B (Figure 4d ) has a tail well beyond 600°C. The final cooling branch is below the heating branch indicating that the magnetite has been partially oxidized to hematite during the experiment.
[37] Most of the sediments are essentially paramagnetic and show reversible thermomagnetic curves. Some of the more magnetic samples are shown in Figures 6e and 6f . Sample AC 7.2B (red clay) shows reversible behavior up to 250°C and continuous removal of magnetization at higher temperatures. The extra decay between ∼300°C and ∼450°C is likely due to removal of maghemite or maghemitized surface layers. Greigite (Fe 3 S 4 ) alteration is not likely as an explanation because the peak in magnetization related to the oxidation of pyrite (see Figure 4f ) that always accompanies greigite is absent. Partially maghemitized magnetite is largely removed upon heating to 700°C because the final cooling branch is well below the heating branches. Sample BU1.4B (blue clay) is shown in Figure 4f . The minor increase in magnetization occurring from 100°C to 150°C could be related to the presence of goethite (a-FeOOH) that shows an increase in magnetization because it is cycled in a nonsaturating magnetic field [de Boer and Dekkers, 1998 ]. The decrease in magnetization between 300°C and 350°C is likely related to greigite because associated pyrite is oxidized via magnetite to hematite. The magnetite occurrence generates the large increase in magnetization between 420°C and 580°C. It is a transient phase in the experiment because the final cooling branch does not show a discontinuity at ∼580°C indicative of magnetite's Curie temperature. The dominance of (maghemitized) magnetite in the sample collection makes demagnetization of the NRM by alternating fields attractive.
Hysteresis Loops
[38] The granites show erratic directional NRM demagnetization behavior yet individual samples yield technically correct demagnetization diagrams (see section 5.2). In an attempt to shed light on this phenomenon, hysteresis loops were determined. In line with the thermomagnetic analysis most sites show extremely low magnetizations. After correction for the high-field slope in the hysteresis loops, noisy and noninterpretable loops are the result. Three sites that yield sufficient quality loops (EN 12, EN 20, and KM 4), provide M rs /M s ratios of 0.028, 0.006, and 0.007, while B cr /B c is 5.3, 19.7, and 20.1, respectively, all indicating large multidomain particles. Therefore, we relate the erratic directional behavior to insufficient averaging because of large grain size.
Component Analysis of IRM Acquisition Curves
[39] IRM acquisition curves were fit with two or three coercivity components using the software package of Kruiver et al. [2001] . "Component 1" is a low-coercivity component, "component 2" the high-coercivity component, and "component 3" is a very low coercivity component required for proper fitting in the lowest coercivity component. This latter component is not assigned physical meaning [cf. Heslop et al., 2004] and its amount is added to component 1 since both components reflect the same magnetic mineral. Overall component 1 is magnetite of a certain grain size depending on its B 1/2 while component 2 is interpreted to be hematite. Examples of fits are shown in Figure 5 while all results are compiled in Table 3 grouped according to lithology. Component 1 in granites has an average of ∼60 mT with a DP of 0.30 log units. In almost all cases no component 3 is required for a decent fit. Therefore, we interpret the fairly high DP as indication for the presence of a wide grain size range including multidomain particles. B 1/2 of component 2 is ∼200 mT with one exception (KO 36B, 700 mT). Note that the amount of magnetic minerals as expressed by the total IRM on a mass-specific basis is very low. In the volcanics B 1/2 of component 1 is ∼46 mT with a DP of ∼0.28 log units, associated with magnetite. It is remarkable that the granites have a harder magnetite than the volcanics. DP is smaller indicating a more confined grain size distribution. A tentative explanation could be that the multidomain particle fraction has their IRM relaxed on short time scales. In the volcanics component 2 is present in small amounts (a few percent) with B 1/2 of ∼300 mT which indicates a minute amount of hematite or a tail of hard titanomaghemite. It occurs dominantly in some reddish oxidized samples from site AY. The sediments are grouped according to lithology. Component 1 (∼95% of the total IRM) of blue clay samples has B 1/2 of ∼47 mT and DP of ∼0.28 log units, very similar to those of van Hinsbergen et al. [2010] . They are typical of detrital magnetite. The remaining ∼5% is component 2, interpreted to be hematite. As in the work by van Hinsbergen et al. [2010] , component 1 of the limestones has a higher B 1/2 (∼57 mT) than that of the blue clays representing a higher proportion of SD magnetite particles. Marls resemble the blue clays in line with their raised detrital component. The red beds are notably soft with a B 1/2 of component 1 of ∼35 mT. The amount of hematite is low (∼7%) although that could be an underestimate because of the maximum available pulse field of 700 mT. One of the two siltstone samples resembles the blue clays while the other is similar to the limestones. All lithologies are dominated by low-coercivity magnetic minerals making the collection amenable to processing with alternating fields.
NRM Demagnetization Results
[40] Identification of the characteristic remanent magnetization (ChRM) was done upon inspection of decay curves, equal-area projections and vector endpoint diagrams [Zijderveld, 1967] . Initial intensities for the sediments of the Lycian Nappes were variable, ranging between 5 mA/m and 100 mA/m. For the volcanic samples, these ranged typically from 0.5 to 2.0 A/m and initial intensities in the granites were in most cases low, between 20 mA/m and 20 mA/m, with the exception of the Kos monzonite and the Eğrigöz granite, which had very high initial intensities between 1 and 7 A/m.
[41] In most samples from the Kale, Ayvalık and Kelekçi, univectorial decay toward the origin of 90% of the NRM occurs between 15 and 70 mT and is thus defined as the ChRM (Figures 6n, 6o, and 6p) . The upper Plio-Pleistocene blue clays from Burdur generally give a very poor result (Figure 6q ), and only in one site, technically sensible directions were obtained.
[42] The volcanic rocks reveal fairly simple demagnetization behavior (Figures 6e and 6f) . Alternating field and thermal demagnetization yielded similar results (Figures 6g  and 6h ). Univectorial decay toward the origin of 90% of the VAN 
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NRM occurs between 15 and 70 mT and is thus defined as the ChRM. This range of unblocking is typical for titanomagnetite or titanomaghaemite coercivities [Dunlop and Özdemir, 1997] . Frequently, however, one or several samples of a site have overprints overlapping the ChRM, typically of abnormally high magnetic intensity with random directions. These are likely related to lightning strikes (Figures 6j and 6k ). Because this possibility was already foreseen, we applied a sampling strategy in which samples were collected across several tens of meters in a single flow unit. Therefore, the lightning-induced overprint direction is in most cases strongly variable, and the intersection point of remagnetization great circles [McFadden and McElhinny, 1988] , which describe the plane defined by the ChRM and the lightning-induced remagnetization direction, allows identification of the ChRM (Figure 6m ). In some sites from Yuntdağ, Bergama and Dikili, only an average great circle could be reconstructed in a lava site (Figure 6l ).
[43] From all granites we thermally demagnetized one sample per site to test demagnetization behavior, and from locality Eğrigöz south (ES), all samples were thermally demagnetized. The results can be subdivided into two clusters: the vast majority of samples yielded no interpretable paleomagnetic direction, largely owing to very low initial intensities (below 20 mA/m; Figures 6c and 6d ). Exceptions were formed by the Eğrigöz granite and the Kos monzonite, of which most samples give very clear, but entirely random directions (Figures 6a and 6b) . The results for 41 samples from the seven sites of Eğrigöz south reveal a gunshot pattern (Figure 7) . We owe this behavior to the multidomain character of the carrying magnetite. To make sure these results are not caused by some unidentified thermal demagnetization effect, we demagnetized 7 samples from selected granites Figure 5 . Examples of the interactive fitting of IRM acquisition curves [Kruiver et al., 2001] . In most limestones component 1 (purple), interpreted to be magnetite, is harder than in the blue clays. Component 3 (green) is given no physical meaning; it is a consequence of the fitting procedure that works with symmetric distributions in the log-field space; further explanation is provided in the text. Component 2 (blue) is interpreted as hematite. The sum of the components is given by the red curves; interactively difference between measured data points (open squares) and the red model curve is minimized in the three representations of the data. The complete outcome of the fitting is provided in Table S2 in the auxiliary material. VAN 
through alternating field demagnetization, but these did not provide sensible results either. Unfortunately, the paleomagnetic analysis of the 12 granite bodies of the Menderes, Kos and Ikaria do not provide paleomagnetic information that can be used to constrain their kinematic histories.
ChRM Direction Analysis
[44] ChRM directions were calculated by principal component analysis [Kirschvink, 1980] or remagnetization great circles were determined [McFadden and McElhinny, 1988] . ChRM directions or great circles with maximum angular deviation exceeding 15°were rejected from further analysis. Thus, from the sedimentary samples, 153 ChRM directions were determined from 344 analyzed specimens. For the lavas, 911 directions were obtained from 974 analyzed specimens.
Lycian Basins: Sediments
[45] For each site and locality from the basins on the Lycian Nappes, the Vandamme [1994] cutoff was applied to discard widely outlying ChRM directions. Averages and cones of confidence were determined using Fisher [1953] statistics applied on virtual geomagnetic poles (VGP), because these are more Fisherian (i.e., a Gaussian dispersion on a sphere) than directions, which have a (latitude-dependent) elongated distribution [Tauxe and Kent, 2004; Tauxe et al., 2008 ; M. H. Deenen et al., New reliability criteria for paleomagnetic data sets: An alternative statistical approach in paleomagnetism, submitted to Geophysics Journal International, 2010]. Errors in declination and inclination are given separately, as DD x and DI x , following [Butler, 1992; Deenen et al., submitted manuscript, 2010] (Table 1 ). In the total average of the Kale locality, three directions were eliminated by the Vandamme [1994] variable cutoff procedure, one in the Acıpayam final average, and three for Kelekçi (Figure 8) .
[46] Recently, Deenen et al. (submitted manuscript, 2010) defined reliability criteria for paleomagnetic data, that test whether an observed distribution can be straightforwardly explained by paleosecular variation (PSV) alone. Therefore, Deenen et al. (submitted manuscript, 2010) . The study area exhibits two paleomagnetically internally coherent rotation domains, one defined by the region around Afyon [Gürsoy et al., 2003] , rotating ∼20°clockwise since the middle Miocene, and one stretching from the northern Menderes Massif basins to the island of Lesbos, rotating ∼7°clockwise, which is insignificant with respect to the Eurasian APWP. Lat, latitude; Lon, longitude; Na, number of demagnetized samples; Nc, number of samples used to calculate average; D, declination; DD x , error on declination; I, inclination; DD x , error on inclination; K (vgp) , Fisher [1953] precision parameter (determined on the virtual geomagnetic poles); A95 (vgp) , the 95% cone of confidence around the average virtual geomagnetic pole. A95 min and A95 max delimit the boundaries of A95 values that can be straightforwardly explained by paleosecular variation alone (Deenen et al., submitted manuscript, 2010) . Reversals test is taken from McFadden and McElhinny [1990] . See text for further discussion. The Afyon and Lesbos_Ayvalık_Bergama_NMM are used in this study.
b Taken from Gürsoy et al. [2003] . they introduced the terms A95 min and A95 max , which form an envelope around the possible range of A95 values as a function of n (the amount of averaged spot readings) for the vast majority of PSV scatters that have been reconstructed throughout earth history, from equator to pole [McFadden et al., 1991; Biggin et al., 2008a Biggin et al., , 2008b Lawrence et al., 2009] : a VGP distribution with an A95 lower than A95 min underrepresents PSV (e.g., due to remagnetization, sampling too short a time span, or smoothing of PSV within individual sediment cores), whereas an A95 higher than A95 max likely contains an additional source of scatter besides PSV (e.g., rotation differences between sites within a locality, unresolved overprints, large orientation or measurement errors or lightning induced remagnetizations). A95 values of three sites in the Kale and Acıpayam localities are much higher than A95 max (Table 2) . We conclude that these sites contain a very large additional source of uncertainty, in this case probably resulting from poor data quality due to low intensity, and these sites were eliminated from further analysis. Three sites, as well as the averages of the Kale and Acıpayam localities, give dispersions a little lower than A95 min , which suggests underrepresentation of PSV. This can be straightforwardly explained by the fact that the sediment samples represent a time range and not a spot reading. Therefore, PSV is already smoothed to some extent within individual samples. We consider these averages reliable, and representative for the average paleomagnetic direction of their respective age ranges. The Kale locality provides the opportunity to carry out a reversals test [McFadden and McElhinny, 1990] , which is negative. This is largely the result of a lower inclination of the reversed directions than the normal ones and may be explained by a not entirely resolved present-day field overprint, suppressing the reversed inclinations, and possibly slightly enhancing the normal inclinations. We note that the declinations, relevant for the rotation study in this paper, show an insignificant difference of 4.3°± 6.8° (Figure 8 ). Combining the normal and reversed directions therefore does not significantly change the declination, and hence the assessment of the rotation of the Lycian Nappes since the late Oligocene. The upper Oligocene, lower Miocene and upper Miocene localities of the Lycian Nappes all show consistently westerly deviations of the declination of 10°-20°. The single site from the upper Plio-Pleistocene clays of Burdur is not significantly deviating from south.
West Anatolian Volcanics
[47] Lava sites should represent spot readings of the Earth's magnetic field, and within-site scatter should be randomly dispersed. Therefore, we applied Fisher [1953] statistics on the directions within a single lava site (Table 1) . Directions from the few cases where only an average great circle were obtained by determining the closest position of the great circle to the mean of the other site means from the same locality, following McFadden and McElhinny [1988] . Because dispersion within a single lava site should be minimal, we discarded all lava sites with a k value lower than 50 (which corresponds to an a95 of ∼8°-11°for typical n in lava sites (i.e., 5-8)), following, e.g., Biggin et al. [48] In localities Ahmetler and Demirci, we sampled a lava stratigraphy. As shown in Table 1 , sites AH1-3, DC 1-5 and DC 7-10 show very similar directions, which may indicate underrepresentation of secular variation. Likewise, each of the two rhyolite plugs of Gördes yielded very similar directions. Combined, these sites give A95 values well below A95 min ( Figure 9 and Table 1 ), suggesting that these readings are not a random sampling of PSV-induced dispersion but represent more or less the same spot reading. Therefore, we have combined the sites in all five occasions into five single directions, which we will treat as individual spot readings.
[49] A potential source of error in paleomagnetic directions is formed by uncertainty with respect to bedding tilt. In this study, we chose not to correct for bedding tilt for any of the newly sampled or previously published lavas. There are two main reasons for this. First, sediments in the NMM basins generally are subhorizontal or only mildly inclined (generally <10°). Because and lavas and ignimbrites may follow local topography, and their surfaces in outcrop may be highly irregular and the flanks of volcanoes may have initial dips of well over 10°, the potential error introduced by correcting the lavas for their present-day tilt is likely much larger than when geographic coordinates are used. A similar conclusion was reached by Beck et al. [2001] , based on their large data set from Lesbos (n = 50; Table 1 ). They noted that the dispersion of VGPs prior to or after bedding tilt correction did not make a significant difference, but that the distribution of VGPs prior to bedding tilt correction was more circular, and therefore likely more reliable. Moreover, applying a reversals test to the tectonically corrected data from Lesbos, we obtain a negative reversals test, whereas a positive reversals test is obtained when using the uncorrected data (Table 3) . This strengthens our choice not to correct for bedding tilt.
[50] With the above criteria, we arrived at 235 lava sites, from the island of Lesbos in the west, to the volcanic fields of Figure 7 . Results for all samples from seven sites in the Eğrigöz south (ES) locality, from which paleomagnetic directions are well determined in most cases (see Figures 6a and 6b ) but which provide random directions from which no sensible tectonic information can be derived. Black (open) dots represent normal (reversed) directions. VAN 
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Afyon in the east, north of the central Menders Massif. These include 60 previously published lava sites from the island of Lesbos (15 lava sites from Kissel et al. [1989] , 45 from Beck et al. [2001] , 104 new sites, and 71 sites near Afyon, published by Gürsoy et al. [2003] . Kissel et al. [1989] also published some results from sites near Bergama, Dikili, Ayvalık, and Yuntdağ, but because individual site locations were not given, we do not incorporate these in our analyses.
[51] Determining rotation differences in a region with only data from lava sites is not straightforward: although the paleomagnetic direction within a lava site is very well determined, that value may be 25°or more deviating from the geocentric axial dipole (GAD) as a result of PSV. Averaging PSV then inevitably involves averaging results from much larger areas than is the case of sediment sites (where PSV can be averaged with relatively small errors within a single site).
[52] We chose a statistical approach, using the n-dependent reliability criteria for paleomagnetic data from Deenen et al. (submitted manuscript, 2010) to identify paleomagnetically coherent blocks, and to determine their rotation history. For the purpose of this study, it is important to determine whether the region north of the central Menderes Massif experienced regional vertical axis block rotation, and to determine the McElhinny [1990] . Grey data points fell outside the Vandamme [1994] cutoff. size of these blocks. Therefore, we initially combined all new and published lava site data from the wide area north of the CMM, including the published sites from Afyon and Lesbos (Figure 9a) , and tested whether the thus obtained dispersion can be straightforwardly explained by PSV alone, i.e., whether the obtained A95 value describing the dispersion of the VGPs lies between A95 min and A95 max , after exclusion of data points outside the Vandamme [1994] cutoff. As can be seen in Table 3 , this is not the case: with all data combined, A95 lies well above A95 max , and an additional source of scatter, for instance vertical axis rotation differences within the averaged region, must be present. We can therefore not consider the entire region as a single, internally paleomagnetically coherent block. Moreover, we obtain a clearly negative reversals test.
[53] Consequently, we have to subdivide the region into smaller regions to find the largest region that can be considered as a paleomagnetically stable region (i.e., a region within which the entire paleomagnetic variation can be explained by secular variation alone). We subdivided the region into four regions, the size of which is largely driven by the data density (Figures 9b-9e) . The NMM basins all share a NE-SW structural trend (Figure 2) [Bozkurt, 2003; , and this structural similarity may indicate that these are not significantly rotated with respect to each other. Hence, this is a logical region to test the paleomagnetic coherence for. We positively test this prediction with the method outlined above: A95 lies between A95 max and A95 min , and we obtain a positive reversals test. Hence, we can consider the NMM basins as (part of) a paleomagnetically stable block (Figure 9c ).
[54] We then averaged the data of Gürsoy et al. [2003] from the Afyon volcanic fields (Figure 9b ) and Lesbos (Figure 9e) [from Kissel et al., 1989; Beck et al., 2001] , and for both regions, we obtain positive reversals tests and A95 values that can be straightforwardly explained by PSV alone. The volcanic sites of Afyon cover a larger age range than the rest of the region (21-8 Ma [Gürsoy et al., 2003] ). However, selecting only the lower Miocene lavas here yields a statistically indistinguishable result from combining all data, suggesting that we cannot statistically show rotation differences through time.
[55] The final locality, depicted "west Mainland," combined the Ayvalık, Bergama, Dikili, and Yuntdağ localities. The thus obtained data set cannot be explained by PSV alone, as A95 exceeds A95 max (Table 3 ) and we show the data from all four localities in Figure 9d . It is clear that localities Yuntdağ and Dikili are widely dispersed, whereas Ayvalık and Bergama are clustered. The reason for this dispersion remains open to speculation. Possibly, the lavas in these localities have been influenced by, e.g., local rotations, or McElhinny [1990] . Red data points fell outside the Vandamme [1994] cutoff. The choice of the various localities is discussed in the text. We conclude that the study area exhibits two paleomagnetically internally coherent rotation domains, one defined by the region around Afyon [Gürsoy et al., 2003] , rotating ∼20°clockwise since the middle Miocene, and one stretching from the northern Menderes Massif basins to the island of Lesbos, rotating ∼7°clockwise, which is insignificant with respect to the Eurasian APWP. VAN 
uncorrected tilts. We note that previous authors also concluded strong and poorly understood rotations in this region [Kissel et al., 1989] and speculated upon a transform zone affecting the region [Ring et al., 1999a] . Regardless of the reason for this increased dispersion, we conclude that Yuntdağ and Dikili do not fulfill our criteria to be part of a regionally paleomagnetically coherent block, and the southwestern part of the west Anatolian volcanic province may have undergone local rotations. Combining localities Ayvalık and Bergama, however, does provide a scatter that can result from PSV alone and leads to a positive reversals test (Table 3) .
[56] Thus, we have obtained four individual regions, large or small, within which we have no reason to assume significant vertical axis rotations. We now test whether these regions share a common true mean direction (CTMD) in the sense of McFadden and Lowes [1981] . If so, their data sets can be considered statistically similar and can be combined. Table 4 shows that the directions of Lesbos and Ayvalık-Bergama share a CTMD, and we combined these. The resultant direction depicted L_A_B in Table 4 shares a CTMD with the direction obtained from the northern Menderes Massif basins, and we also combined these (Figures 9g  and 9h ). All possible combinations in western Turkey share a CTMD, and none of these are statistically similar to the results from Afyon (Table 4) . Interestingly, the data from Lesbos and Ayvalık-Bergama each provide positive reversals tests, and are statistically indistinguishable, but when combined, a negative reversals test is obtained, largely owing to a declination difference between normal and reversed directions. The normal directions are close to north, whereas the reversed show a deviation from south of ∼10°(which is also present in the sets from Lesbos). We have no reason to assume that the normal directions have been affected by a present-day field overprint, and we cannot straightforwardly explain this result. If indeed a present-day field overprint is present and unresolved, this will suppress the declination by a few degrees, but it will not affect our conclusions significantly, and the significant difference with Afyon remains.
[57] The above analysis leads us to identify three paleomagnetic domains in western Turkey north of the CMM: the region including Dikili and Yuntdağ likely underwent local rotations; the region from Lesbos to the NMM basins formed an internally coherent paleomagnetic block since the early Miocene, and the region around Afyon did the same. These latter two, however, rotated with respect to each other, with a declination in the Lesbos-NMM block of 6.8°± 4.3°and in the Afyon block of 21.3°± 6.0° (Table 3) .
6. Discussion
Timing and Amount of Rotations in Western Turkey
[58] The Bey Dağları region, rotating 20°counterclockwise (CCW) between 16 and 5 Ma, forms part of the eastern limb of the Aegean orocline van Hinsbergen et al., 2010] . The results presented in section 5.3 now allow further definition of the dimensions of this limb and placement of its development within the regional tectonic context.
[59] The Lycian Nappes have previously been described as a megaklippe that traveled southward during the early Miocene [Hayward and Robertson, 1982; Hayward, 1984a Hayward, , 1984b Robertson, 1998, 2003] , contemporaneous with the exhumation of the NMM and SMM. During this period, the Lycian Nappes thrusted southward over the Bey Dağları platform, as evident from Aquitanian to lowermost Langhian foreland basin deposits at the leading southeastern edge of the Nappes, as well as from overthrusted Burdigalian foreland basin deposits in windows below them [Hayward, 1984a] . During this time, it may have been possible for the Lycian Nappes to rotate with respect to the Bey Dağları platform. After the earliest Langhian, however, there is no major structure to accommodate regional rotation differences between the Lycian Nappes and the Bey Dağları platform [see also van Hinsbergen et al., 2010] .
[60] The upper Oligocene to lower Miocene Kale basin reveals a CCW rotation of 20°, comparable to the Miocene Bey Dağları results, which leads us to infer (1) that the Lycian Nappes share the rotation of the Bey Dağları region (between 16 and 5 Ma) and (2) that the Lycian Nappes did not undergo significant rotation during their thrusting over the Bey Dağları platform during the exhumation of the NMM and SMM. The results from the lower Miocene deposits of locality Acıpayam reveal a somewhat smaller CCW rotation, but the loosely dated upper Miocene of Kelekçi in the Çameli basin, indicating 16°CCW rotation, suggest that this is likely the result of minor local rotations, e.g., due to formation of the Çameli basin and other Neogene basins in the Lycian Nappes [Price and Scott, 1994; Alçiçek et al., 2005 Alçiçek et al., , 2006 Alçiçek, 2007; Alçiçek and ten Veen, 2008; ten Veen et al., 2009] . Note that the Bey Dağları platform also reveals minor rotation variations related to local tectonics [Kissel and Poisson, 1987; Morris and Robertson, 1993; van Hinsbergen et al., 2010] . Hence, we conclude that the Lycian Nappes form part of the eastern counterclockwise rotating limb of the Aegean orocline, which underwent a single phase of rotation between 16 and 5 Ma (Figure 10 ).
[61] This rotation is regionally consistent and does not suggest that there are major accommodating discontinuities within the Bey Dağları platform. van Hinsbergen et al. [2010] recently argued that the eastern limit of the rotating block was formed by two faults in center of the Isparta Angle: the Aksu thrust and the Kırkkavak fault, which partition transpression into a thrust and a right-lateral strike-slip fault, respectively [see also Çiner et al., 2008] .
[62] Our new data from northwestern Turkey now allow us to identify the northern limit of the rotating domain: the region north of the CMM, including the island of Lesbos and the lower Miocene volcanics covering the region of Ayvalık and Bergama, as well as those in the NMM basins, reveal an internally coherent clockwise rotation of 6.8°± 4.3°, and we can straightforwardly conclude that this region does not form part of the counterclockwise rotating region of the Lycian Nappes and Bey Dağları (Figure 10 ).
[63] Previous reviews of paleomagnetic data from Turkey (largely ignoring the possibility of local, e.g., strike-slipinduced rotations) have suggested that the Anatolian microplate as a whole underwent a 20°-30°counterclockwise rotation phase since the middle Miocene [Platzman et al., 1998; Kissel et al., 2003 ]. This is not in line with our data from northwestern Turkey: if we compare our findings with Figure 10 . Results and interpretations summarizing the relationships between tectonics and rotations in western Turkey for the period between 15 and 5 Ma. The opening of the triangular central Menderes Massif (CMM) along two bivergent detachments is accommodated by counterclockwise rotation of the southern block, including the Lycian Nappes and Bey Dağları, with respect to the northern block, which includes the island of Lesbos, the region of Ayvalık and Bergama, and the northern Menderes Massif basins. The rotation difference across the CMM is approximately 25°-30°, in line with the angle defined by the two divergent (Alaşehir and Büyük Menderes; AD and BMD, respectively) detachments and with the regional pattern of stretching lineations (see Figure 3 ). These define a pivot point, west of which rotation is accommodated by extension. To the east, the rotation is likely delimited by the transpressional deformation along the Aksu Thrust (AT) and the Kırkkavak right-lateral strike-slip fault (KF) [see van Hinsbergen et al., 2010] . The regionally consistent counterclockwise rotation of the Bey Dağları region, up to AT and KF, predicts compression east of the pivot point. The structural accommodation of this convergence remains open for further research, but the presence of post-early Miocene tectonic activity is evident from the clockwise rotation of the Afyon volcanic fields [Gürsoy et al., 2003] , which may reflect a response to semirigid indentation of the Bey Dağları (and Lycian Nappes) block or a response to distributed right-lateral strike slip induced by the rotation. Base map modified is after modified after MTA [2002] ; see Figure 2 for legend. VAN 
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the most recent apparent polar wander path for Eurasia [Torsvik et al., 2008] , we conclude that there was no significant rotation difference between western Anatolia (and Lesbos) and Eurasia: The 20 Ma pole of Torsvik et al. [2008] predicts a declination (for a coordinate in the Selendi basin, site SL1, see Table 1 ) of 5.9°± 3.6°and the 10 Ma Eurasian reference pole predicts D ± DD x of 3.5°± 3.0°. Our result of 6.8°± 4.3 for this region shows an insignificant difference of 0.9°± 5.6°and 3.2°± 5.2°, respectively. Given the absence of major middle Miocene and younger compressional (or extensional) regions between our study area and the Eurasian continent, it is unlikely that this region underwent a 20°-30°c lockwise rotation to annihilate the equal but opposite rotation of the Anatolian microplate inferred by Platzman et al. [1998] and Kissel et al. [2003] . We conclude that the activity of the major North Anatolian Fault Zone that runs in between the study area and the Eurasian continent, did not lead to a paleomagnetically measurable, regional rotation of the entire Anatolian microplate. We note, however, that the region of Afyon, where Gürsoy et al. [2003] found a clockwise rotation of 21.3°± 6.0°(see Table 3 ) did experience a significant rotation with respect to Eurasia of 15.2°± 7.0°or 17.8°± 6.7°with respect to the 20 and 10 Ma reference poles of Torsvik et al. [2008] , respectively. A possible reason for this rotation will be discussed in section 6.3.
Identification of the Rotation Pole
[64] We do not have paleomagnetic data from the southern Menderes Massif, but the fact that this region was exhumed by the end of the early Miocene [Gessner et al., 2001b; Ring et al., 2003a; Seyitoglu et al., 2004] makes it very unlikely that there was significant extension here. The only candidate to accommodate the rotation difference between the Lycian Nappes and the northwest Anatolian volcanic fields is formed by the central Menderes Massif, which exhumed contemporaneous with the SW Anatolian rotations [Gessner et al., 2001b; Lips et al., 2001; Ring et al., 2003a; Catlos and Cemen, 2005; Çiftçi and Bozkurt, 2009a; Sen and Seyitoğlu, 2009; Catlos et al., 2010] . Our paleomagnetic data reveal a rotation difference of ∼27°(or 25°-30°), which is perfectly in line with (1) the angle between the Alaşehir and Büyük Menderes detachments along which the CMM was exhumed and (2) the angle between the regional stretching lineation pattern on either side of, as well as within the CMM (Figures 3  and 10) . The intersection point of the CMM-bounding detachments, as well as the midpoint of the circle that is defined by the stretching lineation trend, define a pivot point around which the counterclockwise rotation of the Bey Dağları platform and the Lycian Nappes occurred. A similar way of determining the rotation pole for the western limb of the Aegean orocline was recently applied by integration of paleomagnetic and structural data in the Rhodope core complex of northern Greece and Bulgaria [Brun and Sokoutis, 2007 ; see also van Hinsbergen et al., 2008a] .
[65] A pivot point (or rotation pole) defines the location where only rotation occurs: to the west of this point, the rotation difference was accommodated by extension as pointed out in section 6.1. In most reconstructions thus far, the pivot point was suggested to lie in the Isparta Angle [e.g., Kissel and Laj, 1988; Gautier et al., 1999; Piper et al., 2002b] (Figure 1) , which forms the hinge point where the counterclockwise rotated Bey Dağları and Lycian Nappes region meets with the clockwise rotated region of the central Taurides (with a pre-Miocene age, Figure 1 [see Kissel et al. [1993] ). The fact that the pivot point is located near the eastern limit of the CMM has an important tectonic implication: east of the pivot point, up to the longitude defined by the Aksu Thrust and the Kırkkavak strike-slip fault, the coherent rotation of the eastern limb of the Aegean orocline must have been accommodated by N-S shortening (Figure 10) . The exact way of accommodating this shortening cannot be resolved at this moment. However, evidence for postOligocene compression was documented in the Denizli basin, which was folded and thrusted [Sözbilir, 2005] . Additionally, the region of the Isparta Angle contains a large number of thrust faults, but absence of evidence for Miocene sediments involved in thrusting does not allow testing of a synrotational age for these thrust faults. The rotation results obtained by Gürsoy et al. [2003] for the Afyon region, indicating a significant clockwise rotation of 20°, however, show that this region has been tectonically active since the middle Miocene (Figure 10 ).
[66] This clockwise rotation seems to be localized to the Afyon region because (1) clockwise rotations in the central Taurides (Figure 1 ) are demonstrably pre-early Miocene in age , (2) our data show that the region WNW of Afyon experienced no significant rotation with respect to Eurasia and are significantly different from the Afyon rotation, and (3) central and eastern Anatolia only exhibit counterclockwise rotations [Tatar et al., , 2002 Gürsoy et al., 1998; Platzman et al., 1998; Piper et al., 2002a Piper et al., , 2010 Kissel et al., 2003] . Clockwise rotations in Anatolia are mainly limited to strike-slip-related rotations within the North Anatolian Fault Zone [Tatar et al., 1995; Piper et al., 1996 Piper et al., , 1997 , although even that is debated [Platzman et al., 1994] , and the Afyon region lies well outside of the strands of this fault zone. It is possible that the shortening that we postulate to accommodated the rotation of the Bey Dağları region is accommodated by distributed right-lateral shear, leading to clockwise rotations in the Afyon area. Alternatively, the Bey Dağlari region may behave as a semirigid indentor, leading to a coherent clockwise rotation to its north (Figure 10 ). Either way, the significant clockwise rotations of the Afyon region support our prediction that the region east of the pivot point was affected by deformation during the rotation history. Moreover, if the rotation pole would be located further west, e.g., within the Isparta Angle such as suggested previously, the extensional region now represented by the CMM should have been much larger, and reached up to the Isparta Angle. There is no evidence for widespread extension amounting tens of kilometers here (as required by the 25°-30°r otation difference) and younger compression to obscure such a history leads to the same lack of evidence.
[67] Despite the fact that loci of accommodation of the shortening east of the rotation pole remains enigmatic, the paleomagnetic coherence of the Bey Dağları region in combination with the excellent correspondence of the both the shape and the stretching lineation pattern of the CMM, and the evidence for localized rotational deformation in the Afyon region suggest a middle to late Miocene rotation-deformation history at the eastern end of the Aegean orocline as outlined in Figure 10 .
Kinematic and Geodynamic Implications
[68] We can demonstrate that the evolution of the CMM was associated with rotation and formation of the Aegean orocline, likely in tandem with shortening east of the CMM. Absence of late Oligocene to early Miocene rotation in the Bey Dağları region and the Lyian Nappes shows that the first stage of exhumation of the Menderes Massif, bringing the SMM and NMM to the surface between the late Oligocene (∼25 Ma) and the middle Miocene (∼16 Ma) was most likely not associated with rotations. There is no paleomagnetic information from upper Oligocene rocks to the north of the northern Menderes Massif. Although such rocks are exposed (Figure 2 ), it is probably not possible to obtain conclusive regional rotation patterns there as a result of the intense rightlateral strike-slip deformation associated with the North Anatolian Fault Zone. However, a regional rotation history that may have been accommodated by opening of the southern and northern Menderes Massif in a comparable way to the central Menderes Massif is unlikely, given the absence of major late Oligocene shortening: the only notion of significant Oligocene motion led to the exhumation of the rather local Uludağ massif [Okay et al., 2008] , which was interpreted to occur in a strike-slip setting.
[69] The late Oligocene-early Miocene extension in the Menderes Massif was therefore most likely accommodated along distributed or discrete transforms. The southeastern boundary of the NMM appears to be a discrete NE-SW trending lineament, subparallel to the main stretching lineation in the NMM (Figure 3) , which may have served as this bounding structure. No late Oligocene to early Miocene core complexes are known east of this boundary. The western limit of the NMM is also a discrete lineament, but to the west of this lineament evidence for early Miocene extension is widely present, e.g., in the Kazdağ massif [Okay and Satir, 2000; Bonev et al., 2009; Cavazza et al., 2009] (Figure 3 ) and in the Cyclades [Gautier et al., 1999; Ring et al., 1999b; Jolivet et al., 2004; Tirel et al., 2009; Jolivet and Brun, 2010] .
[70] The relationship between deformation and rotation in western Turkey outlined in section 6.2 shows that Aegean back-arc extension, suggested to have started around 25 Ma [Gautier et al., 1999; Jolivet, 2001; Jolivet and Brun, 2010] or even earlier [Jolivet and Faccenna, 2000; Forster and Lister, 2009] , did not a priori lead to rotations in the west Anatolian region. It was likely accommodated during the first 10 Ma of back-arc extension by the transform fault formed by the southeastern boundary of the Menderes Massif (Figure 3) . Back-arc extension in western Turkey was oriented N(N)E-S (S)W, and the N-S stretching lineations in the SMM passively rotated into that position in the early Miocene, after its exhumation.
[71] If the Aegean back arc was bounded by a discrete fault rather than a distributed region of rotation, this may reflect that the Aegean slab, the roll-back of which is generally assumed to cause back-arc extension, also has a discrete eastern boundary, which already existed in the late Oligocene. Recent papers have shown that the eastern Aegean slab edge (STEP [Govers and Wortel, 2005] bypassed southeastern Greece in the Pliocene [van Hinsbergen et al., 2007; Zachariasse et al., 2008] and may have left a volcanic trace in western Turkey [Dilek and Altunkaynak, 2009] , but our new result may imply that it already existed, or came into existence, since the late Oligocene to early Miocene.
[72] The rotation of the eastern limb of the Aegean orocline is comparable in age to the western limb (middle to late Miocene [van Hinsbergen et al., 2005b [van Hinsbergen et al., , 2010 this paper] and because these rotations seem to be accommodated by extension, a large part of the roll-back-related extension seems to be middle Miocene and younger. The previously postulated relation to Anatolian extrusion (which is largely younger than early Pliocene [Hubert-Ferrari et al., 2009]) by, e.g., Taymaz et al. [1991] and Kissel et al. [2003] is shown in section 6.1 to be an unlikely candidate as well. The shortening we infer east of the west Anatolian pivot point ( Figure 10 ) rather suggests that around 16 Ma the central segment of the Isparta Angle underwent shortening together with Africa. The African-Eurasian shortening rate in the Miocene of ∼1 cm/yr [Müller et al., 1993; Torsvik et al., 2008] would be sufficient to accommodate the southwest Anatolian rotations. A comparable conclusion was reached for the western Aegean limb .
Conclusions
[73] In this paper we provide a large set of new paleomagnetic data from western Turkey, and integrate these with the regional structural evolution to test the causes and consequences of oroclinal bending in the Aegean region. Our main findings can be summarized as follows:
[74] 1. The Lycian Nappes and Bey Dağları region share a counterclockwise rotation phase of ∼20°, which occurs between 16 and 5 Ma and define the eastern limb of the Aegean orocline. This rotation phase is contemporaneous with the exhumation of the Central Menderes Core Complex, which formed in the center of the late Oligocene to early Miocene northern and southern Menderes core complex(es).
[75] 2. There is no evidence for rotation of the Lycian Nappes during their early Miocene thrusting history over the Bey Dağları platform, and the exhumation of the northern and southern Menderes massifs.
[76] 3. The volcanic region from Lesbos to Uşak underwent no significant rotation (with respect to Eurasia) since the middle Miocene. There is a significant rotation difference between this region and the region of Afyon, where a clockwise rotation of ∼20°was reported.
[77] 4. We have no reason to infer a Mio-Pliocene 20°-30°counterclockwise rotation phase of the entire Anatolian microplate, as previously suggested by Platzman et al. [1998] and Kissel et al. [2003] .
[78] 5. Our paleomagnetic data show that exhumation of the central Menderes core complex along the Alaşehir and Büyük Menderes detachments was associated with a rotation difference between the northern and southern Menderes massifs of ∼25°-30°.
[79] 6. This result is in excellent agreement with (1) the angle between the Büyük Menderes and Alaşehir detachments and (2) the angle defined by the regional stretching lineation pattern in the southern Menderes Massif (N-S) and the northern Menderes Massif (NE-SW).
[80] 7. The rotation pole of the west Anatolian rotations is defined by the intersection point of the Büyük Menderes and Alaşehir detachments.
[81] 8. The rotation of the southern domain, including the southern Menderes Massif, the Lycian Nappes and Bey Dağları, must have led to N-S contraction east of this pole.
[82] 9. Transpression along the Aksu thrust and Kırkkavak Fault in the central eastern part of the Isparta angle accommodates the rotation in the east. The clockwise rotation of the volcanic fields near Afyon may be the result of distributed N-S shortening. The precise accommodation of this shortening history remains open for investigation. The absence of significant middle Miocene extension east of our inferred rotation pole and the rotational deformation near Afyon is in line with our inferences.
[83] 10. Exhumation of the northern and southern Menderes massifs in the late Oligocene and early Miocene was not accompanied by vertical axis rotations. Late Oligocene to early Miocene extension in the eastern part of the Aegean back arc was NE-SW oriented and likely bounded by a discrete transform fault, presently seen as a lineament at the eastern boundary of the northern Menderes Massif.
[84] 11. The transform bounding the Menderes core complex may be associated with an early evolution of the eastern Aegean slab edge (STEP), which could thus already have existed since at least the early Miocene.
[85] 12. Aegean roll-back commenced well before the rotation of the eastern limb of the Aegean orocline. Oroclinal bending in the eastern Aegean region is likely related to a reconnection of its eastern limit with the African northward moving plate, comparable to a recently postulated scenario for western Greece.
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